Abstract. In the present study, the in vivo anti-inflammatory activity of Agrimonia pilosa Ledeb (AP) ethanol extract was confirmed in experimental animal models, including xylene-induced ear edema in mice and carrageenan-induced paw edema in rats. Tiliroside, the major component of AP extract, was isolated and purified by high-performance liquid chromatography. The anti-inflammatory mechanism of tiliroside was then examined using lipopolysaccharide (LPS)-activated RAW 264.7 macrophage cells. An MTT assay was used to determine cytotoxicity and a Griess assay was used to determine nitric oxide (NO) production. Concentration levels of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) were determined by enzyme-linked immunosorbent assay. Protein expression levels of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), phosphorylated (p)-extracellular signal-regulated kinase (ERK) 1/2, p-c-Jun N-terminal kinases (JNK), p-p38 and inhibitor of κB-α were detected by western blot analysis. AP ethanol extract was revealed to inhibit xylene-induced ear edema in mice and carrageenan-induced paw edema in rats. Tiliroside significantly suppressed the overproduction of NO (P<0.01), but revealed no notable inhibition of the release of TNF-α and IL-6. In addition, tiliroside significantly downregulated the elevated expression levels of iNOS and COX-2 induced by LPS (P<0.01). The phosphorylation of JNK and p38 proteins were also significantly inhibited (P<0.01), however, tiliroside exhibited no obvious inhibition on the phosphorylation of ERK 1/2 and the degradation of IκB-α protein.
Introduction
Agrimonia pilosa Ledeb (Rosaceae; AP) is a perennial herbaceous flowering plant distributed in the temperate regions of the Northern hemisphere, including Asia. As a traditional medicinal plant, it has been used for the treatment of abdominal pain, sore throat, headaches, bloody discharge, parasitic infections and eczema (1) . Pharmacological research has revealed that AP extracts possess diverse pharmacological properties, including antinociceptive (1), antiplatelet (2) and antihemostatic effects (3) , in addition to antioxidant (4), antiviral (5), antitumor (6) , anti-inflammatory, anti-allergic (7, 8) , anti-microbial (9) and anti-hyperglycemic (10) activity, amongst others. Tiliroside, a glycosidic flavonoid ( Fig. 1) , is the major component of AP extracts. Tiliroside has been reported to exhibit the following: Anti-diabetic properties by enhancing glucose consumption by insulin-resistant HepG2 cells (11, 12) ; antihypertensive and vasorelaxant effects in resistance arteries (13) ; anti-hyperglycemic, anti-hyperlipidemic and antioxidant activities (14) ; as well as an inhibitory effect on important human liver cytochrome p450 enzymes (15) . Tiliroside and two other flavonoids have been analyzed in vitro for their antioxidant properties and in vivo for their anti-inflammatory properties. In vivo, tiliroside significantly inhibited the mouse paw edema induced by phospholipase A and the mouse ear inflammation induced by 12-O-tetradecano (16) . However, the molecular mechanism of the anti-inflammatory action of tiliroside has yet to be elucidated. In the present study, the aforementioned molecular mechanism of tiliroside in LPS-activated macrophages was investigated. Isolation and identification of tiliroside. The ethanol extract was resuspended in water, and then partitioned with the same volume of hexane, ethyl acetate and n-butanol to yield hexane, ethyl acetate and n-butanol fractions, respectively, in addition to an H 2 O fraction. The ethyl acetate extract (108 g) was subjected to silica gel column chromatography with a CHCl 3 -MeOH gradient solvent system (100:0 to 0:100) to obtain 9 fractions (termed APE1-APE9), which were separated according to thin layer chromatography analysis. Fraction APE7 was crystallized from methanol to yield a yellow compound (20 g ). The chemical structure of this compound was determined to be tiliroside by analysis of the spectroscopic data (Fig. 1) . The purity was determined to be 99.2% by normalization of the peak areas in high-performance liquid chromatography (UV detector).
Materials and methods

Reagents
Experimental animals. Male KM mice (weight, 18-22 g; age, 5 weeks) and male Wistar rats weighing 160-200 g were purchased from Beijing Hua Fu Kang Bioscience Co., Ltd.
(Beijing, China). All experimental procedures conducted in the present study were performed in accordance with the guidelines for the care and use of laboratory animals of Yantai University (Yantai, China), and were approved by the Ethics Committee of Yantai University. All animals were randomly divided into groups and housed in standard plastic cages at room temperature (22±2˚C) with a 12-h light-dark cycle. The animals had free access to food and water.
Xylene-induced ear edema in mice. Mice (n=48) were randomly divided into six groups (n=8), as follows: Vehicle control [sodium CMC]; 250 mg/kg, 500 mg/kg, 1,000 mg/kg and 2,000 mg/kg AP ethanol extract; and 5 mg/kg dexamethasone. AP ethanol extract and dexamethasone were administered by gastric perfusion once daily for 3 days. The vehicle control group was administered an equivalent volume of 2.5% sodium CMC solution. Xylene (10 µl) was added dropwise onto the anterior and posterior surfaces of the right ear 4 h after gastric perfusion on the third day, while the left ear was used as a control. Mice were sacrificed by cervical dislocation 2 h after xylene application. Subsequently, both ears of the mice were removed, and ear disks measuring 9 mm in diameter were punched using a cork borer (YLS-25A; Jinan Yiyan Biotechnology, Jinan, China) and weighed. The extent of edema was evaluated by the weight difference between the right and the left ear disks of the same animal, according to the following formula:
where w indicates weight of the ear.
Carrageenan-induced paw edema in rats.
Wistar rats (n=48) were randomly divided into six groups (n=8) as follows: Vehicle control; 250 mg/kg, 500 mg/kg, 1,000 mg/kg and 2,000 mg/kg AP ethanol extract; and 5 mg/kg dexamethasone. AP ethanol extract and dexamethasone were administered by gastric perfusion once daily for 3 days. The vehicle control group was administered with an equivalent volume of 2.5% sodium CMC solution. Carrageenan (0.1 ml, 1% w/v) was injected into the right-hind paw (sub-plantar) 2 h after the final administration. Paw volume was measured prior to the irritant injection and at selected intervals (0, 1, 2, 4 h) thereafter with a hydro-plethysmometer (Shandong Academy of Medical Sciences, Jinan, China). Results are expressed according to the increase in paw volume (ml) calculated by subtracting the basal volume. MTT assay to determine cell viability. To determine the effect of tiliroside on cell viability, RAW 264.7 cells were cultured in 96-well plates at a density of 2x10 5 cells/well. Following a 24-h incubation period, the cells were then treated with serially diluted tiliroside at concentrations of 1.5625-100 µM. The mitochondrial-dependent reduction of MTT to formazan was used to measure cell respiration as an indicator of cell viability (17) . Briefly, following tiliroside treatment, an MTT solution was added at a final concentration of 200 µg/ml and the cells were incubated for another 4 h. Following removal of the supernatant, 150 µl DMSO was added to dissolve the formazan. The absorbance was measured by a microplate reader (Biotek Synergy HT; BioTek Instruments, Inc., Winooski, VT, USA) at 570 nm, using 630 nm as a reference wavelength. The untreated cells were considered to be 100% viable. Results are expressed as the percentage of viable cells compared with untreated cells.
Nitric oxide (NO) analysis. NO levels were determined by measuring the quantity of nitrite in the cell culture supernatant using Griess reagent (Yantai Science & Biotechnology, Co., Ltd.) (18) . RAW 264.7 cells were cultured in 96-well plates at a density of 2x10 5 cells/well. Following this, the cells were treated with LPS (1 µg/ml) with or without the addition of tiliroside (12.5, 25, 50 and 100 µM) and then incubated for 24 h. Cell culture supernatant (100 µl) was mixed with 100 µl Griess reagent and the absorbance was measured at 540 nm. The nitrite concentrations were calculated using a standard calibration curve prepared from different concentrations of sodium nitrite.
Determination of TNF-α and IL-6. RAW 264.7 cells were cultured in 96-well plates at a density of 2x10 5 cells/well. The cells were treated with LPS (1 µg/ml) with or without tiliroside (12.5, 25, 50 and 100 µM) and then incubated for 6 h. Cell culture supernatant (100 µl) was removed to determine the levels of TNF-α or IL-6 by using respective mouse TNF-α (SEM024) and mouse IL-6 (SEM008) enzyme-linked immunosorbent assay (ELISA) kits (Yantai Science & Biotechnology, Co., Ltd.), as previously described (19) .
Protein extraction. For the detection of iNOS and COX-2 expression, RAW 264.7 cells were harvested following the indicated treatments for 24 h. For detection of p-ERK, p-JNK and p-p38, RAW 264.7 cells were harvested after the indicated treatments for 45 min. For detection of IκB-α degradation, RAW 264.7 cells were harvested after indicated treatments for 15 min. Cells were washed with cold phosphate-buffered saline and lysed in a cold lysis buffer (Yantai Science & Biotechnology, Co., Ltd.) to obtain the total protein, as previously described (20) . The total protein concentrations were determined using a BCA protein concentration assay kit.
Western blot analysis. Equal quantities (30 µg) of the respective proteins were boiled with SDS-PAGE loading buffer, subjected to 10% SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes (Pall Corporation, Port Washington, NY, USA). The membranes were blocked with 5% non-fat dried milk in Tris-buffered saline with Tween (TBS-T; Yantai Science & Biotechnology, Co., Ltd.) at room temperature for 4 h. After washing, the membranes were incubated in the respective primary antibody solution (iNOS, COX-2, p-ERK 1/2, p-JNK, p-p38, IκB-α or β-actin) overnight at 4˚C. The membranes were washed with TBS-T and incubated with the relevant HRP-conjugated secondary antibody solution at room temperature for 1 h. Subsequent to washing the membranes, the bands were detected by enhanced chemiluminescence (Beyotime Institute of Biotechnology, Shanghai, China) and exposed to X-ray films (Eastman Kodak Company, Rochester, NY, USA). Developed images were collected and the bands were quantitated by densitometric analysis using the DigDoc100 program (Gel-pro analyzer 3.2; AlphaEaseFC software; Genetic Technologies, Inc., Miami, FL, USA). Expression data for iNOS, COX-2, p-ERK, p-JNK, p-p38 and IκB-α were normalized with respect to β-actin expression levels.
Statistical analysis.
All results are expressed as means ± standard deviation. Statistical comparisons were conducted using Origin 7.5 software (OriginLab Corporation, Northampton, MA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of AP ethanol extract on xylene-induced ear edema in mice.
As displayed in Fig. 2 , xylene-induced ear edema in mice was significantly decreased by oral administration of 2,000 mg/kg AP ethanol extract (2.66±0.25 mg) compared with the vehicle control group (P<0.01; 6.08±0.37 mg). However, lower doses of AP ethanol extract (1,000, 500 and 250 mg/kg) did not exhibit significant inhibition on xylene-induced ear edema in mice. The high dose of AP ethanol extract (2,000 mg/kg) produced significant inhibition that was approximately equal to the positive control group (5 mg/kg dexamethasone).
Effect of AP ethanol extract on carrageenan-induced paw edema in rats.
As revealed in Fig. 3 , treatment with AP ethanol extract significantly inhibited the development of paw edema at 2 (P<0.01) and 4 h (P<0.01) after carrageenan injection compared with the vehicle group. Dexamethasone significantly reduced carrageenan-induced paw edema at 1 (P<0.01), 2 (P<0.01) and 4 h (P<0.01) after carrageenan injection compared with the vehicle group, and almost completely prevented paw swelling Tiliroside does not exhibit cytotoxicity against RAW 264.7 macrophages. RAW 264.7 cells were treated with between 1.5625 and 100 µM of tiliroside for 24 h. An MTT assay was used to assess cell viability, as described in the Materials and methods section. The results indicated that tiliroside does not display significant cytotoxicity to RAW 264.7 cells at this dose range (data not shown).
Effect of tiliroside on NO production. RAW 264.7 cells were treated with LPS (1 µg/ml) with or without the indicated concentrations of tiliroside (12.5, 25, 50 and 100 µM) for 24 h. The concentration of nitrite in the supernatant was determined as the NO production level. As displayed in Fig. 4 , tiliroside significantly inhibited LPS-induced NO overproduction in a dose-dependent manner (P<0.01).
Effect of tiliroside on TNF-α and IL-6 release. RAW 264.7 cells were treated with LPS (1 µg/ml) with or without the indicated concentrations of tiliroside (12.5, 25, 50 and 100 µM) for 6 h. The concentrations of TNF-α and IL-6 in the supernatant were determined using the respective ELISA kits. As displayed in Fig. 5A and B, tiliroside exhibited no inhibitory effect on the release of TNF-α and only a weak inhibitory effect on the release of IL-6, respectively. (Fig. 6A) . The density of bands corresponding to iNOS and COX-2 protein expression levels were normalized to β-actin, and are displayed in Fig. 6B and C, respectively. As revealed in Fig. 6 , treatment with LPS significantly induced high expression of iNOS and COX-2 proteins (P<0.01). Tiliroside significantly inhibited the expression levels of iNOS protein in a dose-dependent manner (P<0.01), which suggests that the decrease in NO production was due to the suppression of iNOS protein. Furthermore, tiliroside significantly downregulated the expression of COX-2 in a dose-dependent manner (P<0.01).
Tiliroside significantly downregulates the protein expression levels of iNOS and COX-2 induced by LPS. iNOS and COX-2 expression levels were examined by western blot analysis
Effect of tiliroside on the phosphorylation of mitogen-activated protein kinase (MAPK) ERK1/2, JNK and p38 proteins.
It has previously been demonstrated that the MAPK signaling pathways are associated with LPS-induced inflammatory reactions. Furthermore, LPS-mediated activation of the MAPK signaling pathway predominately involves the phosphorylation of ERK1/2, JNK and p38 proteins (21) . As displayed in Figure 2 . Effect of AP ethanol extract on xylene-induced ear edema in mice. Mice (n=8/group) were treated with 250, 500, 1,000 and 2,000 mg/kg AP ethanol extract or 5 mg/kg DEX-5. Both ears were harvested after 10 µl xylene was applied to the right ear. Data are presented as the mean ± standard deviation. 
Effect of tiliroside on the degradation of IκB-α protein.
Transcription factor NF-κB has been confirmed to be important in the process of LPS-induced inflammation, including by elevation of iNOS and COX-2 expression levels (22) . As the activation of NF-κB is typically initiated by the rapid degradation of IκB-α protein, the present study investigated the expression levels of IκB-α by western blot analysis (Fig. 8A) . The density of bands corresponding to IκB-α protein were normalized to β-actin and are displayed in 
Discussion
Previous references (7, 8) have reported that the methanol extract of AP inhibited the production of NO and PGE2 via the downregulation of iNOS and COX-2 expression in RAW 264.7 cells. The expression levels of proinflammatory cytokines IL-1β and IL-6 were inhibited by methanol extract of AP, but no effect was observed in TNF-α production. Results in the present study demonstrated that a high dose of AP ethanol extract is able to significantly inhibit xylene-induced ear edema in mice and carrageenan-induced paw edema in rats, which further confirmed the anti-inflammatory effect of this plant. Tiliroside, the most abundant constituent in AP extract, is a natural glycosidic flavonoid and has been reported to possess a wide spectrum of biological activities. However, its molecular mechanism has yet to be elucidated; thus, the anti-inflammatory molecular mechanism of tiliroside was investigated in the present study. The results suggested that tiliroside is able to significantly suppress LPS-induced NO overproduction in RAW 264.7 cells in a dose-dependent manner. It also potently downregulated the protein expression levels of iNOS and COX-2. Further investigations indicated that tiliroside inhibits the phosphorylation of MAPK/JNK and MAPK/p38 proteins, but demonstrated no significant inhibition of the phosphorylation of MAPK/ERK or the degradation of IκB-α.
In conclusion, the molecular mechanism regarding the anti-inflammatory effect of tiliroside may involve the downregulation of iNOS and COX-2 protein expression levels and is likely to mediate the inactivation of MAPK signaling pathway, however, the NF-κB signaling pathway is not likely to have involvement in the process. This study presents the first direct evidence for the modulatory effect of tiliroside on the signal transduction pathway. The results suggest that tilliroside is the main active component of AP extract which exerts an anti-inflammatory effect through MAPK signaling pathway.
